The common cuckoo Cuculus canorus parasitism greatly reduces the reproductive success of its hosts and imposes strong selection pressure for hosts to evolve defences against parasitism, such as the ability to recognize and reject dissimilar parasitic eggs, which, in turn, selects for better egg mimicry by the cuckoo. In the co-evolutionary interaction, however, it remains unknown how the cuckoo successfully expanded its range of host usage and how they developed egg mimicry. Most previous studies were conducted in areas where a very few number of host species (i.e. one or two at most) are sympatric with the cuckoo. Several host species, however, breed sympatric with the cuckoo and have been parasitized in the study site in Nagano, central Japan. Such a multiple-hosts system will provide valuable insights for understanding the cuckoo-hosts interactions in the past. In the present study, we report quantitative profiles of eggs based on spectrometer reflectance for four major host species and the corresponding cuckoo gentes. The hosts include the oriental reed warbler (Acrocephalus orientalis), bull-headed shrike (Lanius bucephalus), azure-winged magpie (Cyanopica cyana), and black-faced bunting (Emberiza spodocephala). We show that (1) egg morphs of each host and corresponding cuckoo gens can be categorized by two chromatic components of reflectance spectra and (2) there is a significant difference in a particular chroma component between hosts and the cuckoo. We suggest that the cuckoo parasitism in central Japan originated from parasitism on the black-faced bunting.
INTRODUCTION
Common cuckoo (Cuculus canorus) parasitism greatly reduces the reproductive success of hosts and imposes strong selection pressure for hosts to evolve antiparasite defence against parasitism. Egg recognition and foreign egg rejection are among the most common defences exhibited by hosts (Davies, 2000) .
The host defences might be either genetically fixed (Martín-Gálvez et al., 2006) or behaviourally plastic (Brooke, Davies & Noble, 1998; . Visual inspection apparently represents the main means of detecting parasitism, and the differ-ence in the egg morph is the key to pinpointing a cuckoo egg, whatever the recognition mechanism, i.e. hosts directly compare eggs ('discordancy', Rothstein, 1974 ; 'on-line processing', Hauber & Sherman, 2001) or are able to perform true egg recognition (Rothstein, 1975; Hauber & Sherman, 2001) . For example, cuckoo hosts may compare the visual image of eggs with memory templates (Hauber, Moskát & Bán, 2006; Moskát & Hauber, 2007) .
To counter the host defence, the cuckoo is expected to evolve egg mimicry to better deceive the host defence (Brooke & Davies, 1988; Honza et al., 2001; Avilés & Møller, 2004) and cuckoo females may actively select among host clutches for even better mimicry (Avilés et al., 2006; Cherry, Bennett & Moskát, 2007a) .
These parasitic interactions will result in a co-evolutionary arms race concerning egg morphs, and avian brood parasitism comprises a model system for exploring co-evolutionary interactions in general (Dawkins & Krebs, 1979; Rothstein, 1990; Takasu, 1998; Davies, 2000; Kilner, 2006; Krüger, 2007) . Both cuckoo egg mimicry to host eggs (Brooke & Davies, 1988; Lovászi & Moskát, 2004; Avilés et al., 2006; Cherry et al., 2007a) and host egg appearances (Davies & Brooke, 1989a, b; Lotem, Nakamura & Zahavi, 1995; Øien, Moksnes & Røskaft, 1995; Soler & Møller, 1996; Stokke et al., 1999; Cherry et al., 2007b; Moskát et al., 2008a) play key roles in the dynamic process of co-evolutionary adaptations in host-brood parasite relationships (Takasu, 2003 (Takasu, , 2005 Stokke et al., 2007) .
The cuckoo population consists of several independent subpopulations called gentes (singular gens), each of which targets a particular host species and stands independent of each other (Brooke & Davies, 1988) . This leads to the idea that each of the interactions between a cuckoo gens and its host will reflect a snapshot in evolutionary time regarding the level of host defence and the degree of egg mimicry, with each being at a different stage in the arms race (Dawkins & Krebs, 1979; Davies & Brooke, 1989a, b; Moksnes et al., 1991; Takasu, 1998; Davies, 2000; Gibbs et al., 2000; Lovászi & Moskát, 2004) .
In many areas of the cuckoo breeding range studied so far, there is only one cuckoo gens specialized on a host species, such as the meadow pipit (Anthus pratensis) in Norway (Moksnes & Røskaft, 1989) , the reed warbler (Acrocephalus scirpaceus) in small English swamps (Davies, 2000) , and the great reed warbler (Acrocephalus arundinaceus) in the Hungarian Great Plain (Moskát & Honza, 2002) . In Poland, cuckoos parasitized reed warblers, but only exceptionally great reed warblers, which bred in the same habitat (Dyrcz & Halupka, 2007) . Multiple-hosts systems are rarer. This has been described in the Czech Republic (Moksnes et al., 1993; Edvardsen et al., 2001; Kleven et al., 2004) , where cuckoos parasitized reed warblers at the highest rate (16.1%; Øien et al., 1998) , but other Acrocephalus species were also regularly parasitized (Moksnes et al., 1993; Honza et al., 2002) . However, overlap in egg morphs among different cuckoo gentes was high . In a Hungarian hilly area, Varga (1994) found that cuckoos laid 94% of their eggs into the nests of the robin (Erithacus rubecula; N = 655, average parasitism rate in 27 years: 32%), but another 14 species of passerines were also parasitized occasionally.
In Nagano, central Japan, several major host species breed sympatric with the cuckoo and have been parasitized (Nakamura, Kubota & Suzuki, 1998) , representing a real multiple-hosts system. A striking point is that these major hosts are not taxonomically closely-related and breed in different habitats, and some of them are parasitized at a relatively high rate, such as the oriental reed warbler (Acrocephalus orientalis), which was formerly classified as a subspecies of great reed warbler in the range 18-40%, bull-headed shrike (Lanius bucephalus) in the range 13-37%, azure-winged magpie (Cyanopica cyana) in the range 30-79%, and black-faced bunting (Emberiza spodocephala) in the range 25-50%, depending on local areas in Nagano (Nakamura, 1990) . Although each cuckoo female is considered to target a particular host species, it is known that she sometimes parasitizes other host species with lower egg matching Honza et al., 2001) . This 'accidental parasitism' has been also confirmed by radio-telemetry studies Vogl et al., 2004) . If successful, such accidental parasitism would result in parasitism on a new host species (Nakamura, 1990; Soler & Møller, 1990; Takasu et al., 1993) . Therefore, in areas where several potential hosts are sympatric with the cuckoo, we expect that the cuckoo egg mimicry remains at poor level as a whole if some hosts do not yet show strong discrimination against cuckoo eggs, and that studying such a system should provide important insights for understanding how the cuckoo has expanded the range of host usage as well as how the cuckoo has evolved finer egg mimicry in the past.
Concerning evaluation of egg morphs, there have been two approaches: one by human-eye evaluation Øien et al., 1995; Stokke et al., 1999; Soler, Møller & Soler, 2000; Edvardsen et al., 2001; Moskát, Szentpéteri & Barta, 2002) and the other by spectrometer measurement. Recently, it has become more popular to evaluate egg morphs using the latter method as an objective measurement (Cherry & Bennett, 2001; Langmore, Hunt & Kilner, 2003; Langmore et al., 2005; Avilés et al., 2006; Starling et al., 2006; Cherry et al., 2007a) . Although spectrometry itself cannot measure any information regarding 'patterns' of lines or blotches on the egg surface, it has the advantage over human-eye scoring in that it includes the ultraviolet (UV) range to which birds can react but humans are blind (Cherry et al., 2007b) .
To date, there have been no studies that evaluated and compared eggs of the cuckoo and its several sympatric hosts by an objective method using spectrometry. To explore how co-evolutionary interactions are reflected in egg morphs that we observe at present, we quantified eggs of the cuckoo and its four host species using spectrometry and compared them. We applied principal component analysis (PCA) to the dataset obtained and extracted the most informative principal components: one achromatic and two chromatic components. We also compared differences in five chromas: UV, blue, green, yellow, and red. On the basis of an analysis of this chromatic information, we suggest that the cuckoo parasitism in Nagano originated from parasitism to the black-faced bunting.
MATERIAL AND METHODS
The study was conducted in the Nobeyama plateau (35°57′N, 138°28′E), Nagano prefecture, central Japan (Honshu Island), during May to July of 2004 and 2005. The plateau altitude is approximately 1350 m a.s.l. and it is mainly covered with market gardens and hayfields, partly deciduous forests, and larch plantations, and there are some areas of bushes and marshes along streams. In the plateau, several potential host species breed, although we focused on four major host species: oriental reed warbler, bullheaded shrike, azure-winged magpie, and black-faced bunting, which appear to be the most frequently used hosts in the main island Honshu of Japan (Nakamura, 1990; Nakamura et al., 1998) . All of these hosts have most likely been parasitized by the cuckoo at least for 20 years (Nakamura, 1990) . In our study area, the first cuckoo eggs were recorded in 1981 for azure-winged magpies, in 1982 for bull-headed shrikes, in 1987 for black-faced buntings, and in the early 1980s for oriental reed warblers (S. Imanishi, pers. observ.), although cuckoo parasitism on these host species, except the azure-winged magpie, started several decades ago in central Japan (Nakamura et al., 1998) .
We searched for nests of the four host species daily to collect reflectance profiles of host and the cuckoo eggs. In the first year of the study, we monitored parasitized nests for six consecutive days just after parasitism to measure host responses to parasitism. The monitoring was finished earlier if the cuckoo egg was ejected or the nest was deserted (termed together as rejection), but if it was still in an active nest, the host reaction was regarded as acceptance. When we found a host nest with cuckoo egg, we took photos using a digital camera (Nikon CoolPix 995) with all eggs placed on the Kodak grey card with colour control patches. We then measured the reflectance profile of all eggs in the nest. We used an USB-2000 spectrometer with Xenon light source PX-2 and a UV-VIS reflectance probe (Ocean Optics Inc.), which can measure a spot of approximately 2 mm in diameter. The spectrometer was controlled by OOI-Base32 software to produce reflectance relative to a white standard WS-1 in the wavlength range 300-700 nm. To eliminate the noise of the ambient light, as we measured reflectance profile in the field, we put an egg in a plastic box painted black (approximately 60 ¥ 30 ¥ 40 cm) and measured reflectance. We divided an egg into four zones along the axis (zones A to D), from the wide side to the narrow end and four spots were randomly chosen for each zone on which reflectance was measured (i.e. 16 reflectance measurements were obtained for each egg). The probe was set perpendicular to the egg surface.
We found a total of 84 nests of the four host species (oriental reed warbler: 22 nests; bull-headed shrike: 49 nests; azure-winged magpie: five nests; black-faced bunting: eight nests) where 22 eggs of oriental reed warbler-cuckoo, 53 of the bull-headed shrike-cuckoo, six of azure-winged magpie-cuckoo, and nine of the black-faced bunting-cuckoo were found, respectively (data from 2004 and 2005 are combined).
We assumed that mean reflectance (average over 16 spot measurements of reflectance for an egg) represents the profile of an egg morph. For hosts, we further assumed that the average over all eggs in a clutch represents the profile of the nest owner female when comparing between-species differences; we obtained a dataset of egg morph profiles for all host nests and cuckoo eggs found in the field. Each egg morph profile was summarized as 150 data points in the range 300-700 nm.
To extract meaningful information from egg morph profiles measured as a reflectance curve, we applied PCA and derived principal components as an objective measure of egg morph. This method has been recommended for reflectance spectra analysis (Cuthill et al., 1999; Cherry & Bennett, 2001) , and is typically applied as a standard method for the analysis of bird egg measurements (Cherry & Bennett, 2001; Avilés et al., 2006; Cherry et al., 2007a, b) . The first component (PC1) normally describes achromatic variation (Endler & Théry, 1996) , and the next two components (PC2 and PC3) account for chromatic variation (Bennett et al., 1997; Cuthill et al., 1999) .
As another objective measure of egg morph, we derived five chromas from reflectance spectra, UV (300-400 nm), blue (400-475 nm), green (475-CUCKOO ADAPTATIONS FOR MULTIPLE HOSTS 293 550 nm), yellow (550-625 nm), and red (625-700 nm), by calculating the relative magnitude of the reflectance in each colour range with respect to the total reflectance values (Endler, 1990; Avilés & Møller, 2003; Polaciková et al., 2007) .
Intraclutch variation of host clutches was evaluated both by the variation coefficients (Avilés & Møller, 2003) in the five chromas and human-eye scoring (Øien et al., 1995) . Human-eye scoring appears to be a fairly robust method (Cherry et al., 2007b) . Five independent observers, who had no previous knowledge of the clutches, estimated intraclutch variation of host egg appearances based on photos on a fivestate scale (1 = no variation; 2 = at least one egg differed slightly from others; 3 = at least one egg differed markedly from others; 4 = at least one egg differed dramatically from others; 5 = all the eggs were different from one another).
Data were analysed with SPSS, version 9.0 (SPSS Inc.). Levene's test was applied for testing homogeneity of variances prior to performing parametric tests. PCA was carried out using the software SYN-TAX, version 5.0 (Podani, 1994) . PCA was started from the correlation matrix, and no rotation of the component loadings was employed.
RESULTS
In the study area, all cuckoo eggs were easily recognized, at least to the human eye, when compared with the host's eggs though with a varying level of dissimilarity (Fig. 1) .
The rejection rates for the four species were 35.0% (7/20) for the oriental reed warbler, 56% (14/25) for the bull-headed shrike, 40% (2/5) for the azure-winged magpie, and 75% (3/4) for the blackfaced bunting. These rejection rates are similar to those obtained by Nakamura et al. (1998) as measured in the surroundings of Nagano city, approximately 80 km away from our study site: 44.7% for the warbler, 41.2% for the shrike, and 34.7% for the magpie (rejection rate of the bunting is not available).
The highest three eigenvalues of the PCA of spectrometer measurements represented a cumulative 97.8% of total variance. The first principal component (PC1; achromatic brightness) accounted for 87.9% of the variance. From the two chromatic components (PC2 and PC3), the second component accounts for 7.7% and the third components explains 2.3%. Principal component coefficients against wavelength reveal that the first chromatic component (PC2) shows negative values at short and longer wavelengths, but reaches the highest positive values in the blue-green chroma (400-625 nm) (Fig. 2) . The second chromatic component (PC3) is curved and highly negative in the UV section (300-400 nm), but highly positive in the red section (600-700 nm) (Fig. 2) .
The ordination diagram of the host and cuckoo populations shows their relative positions in the space characterized by the two chromatic components. Both host (Fig. 3A) and cuckoo (Fig. 3B ) samples show some separation along the third principal component. Both oriental reed warblers and oriental reed warbler-cuckoos show some separation from the other groups; however, some of these eggs are in the dense point cloud of bull-headed shrikes. Black-faced buntings and azure-winged magpies are also scattered within the shrike-cloud (Fig. 3A) . Similar tendencies can be recognized for the cuckoo gentes (Fig. 3B) .
A general linear model of the component scores for the eight groups of the oriental reed warbler, bullheaded shrike, azure-winged magpie, and black-faced bunting, as well as their cuckoo gentes revealed that separation along the third axis (PC3) is significant from the components (PC1: F = 1.583, d.f. = 8, 150, P = 0.134; PC2: F = 1.489, d.f. = 8,150, P = 0.166; PC3: F = 9.884, d.f. = 8, 150, P < 0.001). The group of oriental reed warbler hosts, which showed the highest separation from the other groups, revealed a significant difference from bull-headed shrike hosts by the second chromatic component PC3 (Tukey's posthoc tests, I-J = -3.3156, P < 0.001). The difference between oriental reed warbler hosts and black-faced bunting hosts was also significant (Tukey's post-hoc test, I-J = -2.2949, P = 0.043), but nonsignificant with respect to the azure-winged magpie hosts (Tukey's post-hoc test, I-J = -1.6363, P = 0.573). Similarly, oriental reed warbler cuckoos also separated from the other cuckoo gentes by the second chromatic component PC3 (Tukey's post-hoc tests, I-J = -2.7719, P < 0.001, I-J = -3.2897, P < 0.001, I-J = -2.0524, P = 0.031, for the bull-headed shrike, azure-winged magpies, and black-faced bunting cuckoo gentes, respectively). An interesting revelation was found for the similarity relationships of the four host species and the corresponding cuckoos by Duncan's post-hoc test of homogeneity (Table 1) . This test grouped eggs based on the second chromatic component (PC3), constructing four homogeneous subsets. These results indicate: (1) the unique characteristics of oriental reed warbler eggs, together with their cuckoos; (2) oriental reed warbler-cuckoos show a link to azurewinged magpie-cuckoos, black-faced bunting-cuckoos (Nakamura et al., 1998) , and their hosts; (3) the members of group (2), except oriental reed warblercuckoos, were collected together with bull-headed shrike-cuckoos; and (4) almost all members, except group (1) and azure-winged magpie hosts, were gathered here.
Comparison of the five chromas in UV, blue, green, yellow, and red between hosts and their cuckoos revealed the similarities between their eggs (Table 2) . We found good matching in the yellow spectrum for oriental reed warblers and their corresponding cuckoos as measured by Spearman rank correlation, but matching of cuckoo eggs was much better for bull-headed shrikes and their cuckoos ( Table 2) . Cuckoos of azure-winged magpies showed only one significant correlation in the yellow spectrum, but matching of black-faced bunting cuckoo eggs was better, showing significant correlations in the UV and green spectra. These analyses indicate the lowest matching of cuckoo eggs in the oriental reed warbler and the azure-winged magpie, which appear to be the newest cuckoo-host relationships in the Nagano district (see above). Intraclutch variations by human scoring (mean ± SD; oriental reed warbler: 1.385 ± 0.624; azure-winged magpie:
1.4 ± 0.365; black-faced bunting: 2.233 ± 0.763; and bull-headed shrike: 1.882 ± 0.725) revealed no significant difference among the clutches of the four species (one-way analysis of variance: F 3,52 = 2.628, P = 0.06). Intraclutch variations in the five chromas also did not reveal any significant difference between these host species (one-way analysis of variance: UV: F3,57 = 0.24, P = 0.995; blue: F3,57 = 2.491, P = 0.069, green: F3,57 = 0.324, P = 0.808, yellow: F3,57 = 0.129, P = 0.943, red: F3,57 = 0.394, P = 0.758). Intraclutch variations by human scoring did not differ from those in any of the chromas for the bull-headed shrike, azure-winged magpie, and black-faced bunting when the Pearson correlation was calculated (P > 0.05). However, it demonstrated significant differences in four out of the five chromas in the oriental reed warbler (r = 0.713, P = 0.006 for the UV; r = 0.807, P = 0.001 for the blue, r = 0.852, P < 0.001 for the yellow, and r = 0.713, P = 0.006 for the red spectra), but was similar in the green spectrum (r = 0.330, P = 0.279).
DISCUSSION
We quantified egg morphs of the cuckoo and its four major host species using spectrometry in Nagano, central Japan, which represents the rare situation where the cuckoo exploits several sympatric host species. Edvardsen et al. (2001) , based on human-eye scoring, studied a multiple-host system of Acrocephalus warblers and the cuckoo in the Czech Republic, but found no resemblance of the cuckoo eggs to four warblers. To our knowledge, the present study is the first to quantify egg morphs across sympatric hosts based on spectrometer measurements of reflectance of fresh eggs measured in the field, although, for a study on museum collection, see Avilés & Møller (2004) . The use of spectrometer as an objective method to quantify host or common cuckoo eggs has become popular in recent years when evaluating parasite egg mimicry (Cherry & Bennett, 2001; Avilés & Møller, 2003 Avilés et al., 2006; Cherry et al., 2007a; Honza & Polaciková, 2008) , the role of hosts intraclutch variation (Cherry et al., 2007b) or light conditions (Muñoz et al., 2007) in host egg rejection behaviour, and the effect of cues on egg discrimination Polaciková et al., 2007; Moskát et al., 2008b) . Using spectrometer profiles, we showed that the four host species can be categorized by two chromatic components: PC2 and PC3. However, they did not separate well from each other. Statements on mimicry by human inspection of host and common cuckoo eggs (Higuchi, 1998; Nakamura et al., 1998) and the results obtained by spectrophotometry suggest that cuckoos parasitizing different host species in central Japan did not show highly separated gentes. Despite the relatively low separation of cuckoos eggs indicated by the overlapping point clouds in the ordination diagrams (Fig. 2) , different analyses based on chromas revealed some tendencies for separation. We can explain these by host specificity of individual cuckoos, as revealed by radio-telemetry studies (i.e. each cuckoo female is specialized on one host type; Nakamura, Miyazawa & Kashiwagi, 2005) . The cuckoo in our study site is likely to be originated from those specialized on the black-faced bunting. However, in bull-headed shrike cuckoos, the high variation of eggshell characteristics (Fig. 3B ) and the much rarer presence of a line pattern among the eggshell markings than in another cuckoo gentes (Fig. 1) , along with the high-level matching of parasite eggs to host eggs (Table 2) , might suggest that the origin of the bull-headed shrike cuckoo gens is not monophyletic. We did not consider the effect of uneven distribution of spots on eggshells because we averaged 16 measurements on the entire four zones A to D as a profile of an egg's morph. Polaciková et al. (2007) , however, showed that colour characteristics of the blunt egg pole does matter for host recognition of parasitism in the blackcap (Sylvia atricapilla). We also did not consider the effect of host rejection ability on the similarity of egg morphs between hosts and cuckoo gentes. Hosts could have ejected cuckoo eggs before we found a nest and measured reflectance, biasing our reflectance data. Further study of spot distribution and host rejection behaviour is needed.
The results of the Duncan test appear to be helpful in revealing the similarity structure of the separation for the four hosts and corresponding cuckoo gens based on egg profiles. In agreement with the results of principal component ordination, their separation is not perfect (i.e. egg profiles are overlapping). Oriental reed warblers and their cuckoos show the highest separation, and black-faced bunting cuckoos appear to represent primitive (or original) cuckoo egg morphs, which show similarity with other cuckoos. This finding is in agreement with the study of Nakamura et al. (1998) , who assumed that black-faced buntings represent the ancient cuckoo egg morph in the area, probably the center of radiation of cuckoo egg morphs.
Principal component correlations with wavelengths suggested that the main egg profiles, which would be responsible for differences among host and cuckoo egg morphs, are located in the red chroma section at a longer wavelength. The pale brownish or reddish colour of the eggs of bull-headed shrikes, black-faced buntings, and their cuckoos represent an important difference with respect to the other host species with a greenish background. A detailed analysis of the UV, blue, green, yellow, and red chroma suggests that hosts and cuckoos showed high similarity to each other but, in one or two spectra, significant differences were revealed. However, the similarity appears to be fairly good in the UV spectrum because we did not find a significant difference for any pair of hosts and their corresponding cuckoos. A recent study in the great reed warbler, a closelyrelated species of the oriental reed warbler, revealed the importance of the UV spectrum in the mimicry of cuckoo eggs, namely a low matching in UV facilitated the host rejection of cuckoo eggs (Cherry et al., 2007b) .
Intraclutch variation is lowered in cuckoo hosts as a result of evolutionary adaptations (Øien et al., 1995; Soler & Møller, 1996) . Although lowered intraclutch variation does not necessarily facilitate recognition of parasite eggs (Cherry et al., 2007b) , it may have this effect as originally suggested by Davies & Brooke (1989b) , depending on host evolutionary adaptations and the type of the parasitic eggs (Stokke et al., 1999; Moskát et al., 2008a) . In the present study, we revealed similar levels of intraclutch variation in the four host species studied, suggesting that each of these hosts has already adapted, at least to some extent, to brood parasitism. Evaluations of the intraclutch variation showed a high consistency, irrespective of whether it was based on human scoring or spectrophotometer measurements in almost all of the four host species studied. The only exception was the oriental reed warbler, in which human-eye scoring and spectrophotometer measurements differed in most spectras. Human-eye scoring synthesizes characteristics of eggshell background colour, marking pattern and marking colour, and appears to be a useful estimation of intraclutch variation (Cherry et al., 2007b) . In the case of the oriental reed warbler, markings represent a wide range of different elements, including dots and small and large spots, and their colour also varies considerably (Fig. 1C) ; thus, we can explain the differences between human-eye scoring and spectrophotometer measurements in the evaluation of the intraclutch variation in the oriental reed warbler by the high complexity of their eggshell morph. From a methodological point of view, human evaluation of intraclutch variation appears to be sensitive for complex structures.
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In the Czech Republic, cuckoos parasitize four Acrocephalus species, which can be regarded as a multiple-host system similar to our case in Japan (Edvardsen et al., 2001; Honza et al., 2002; Kleven et al., 2004) . Our system, however, is different from the Czech case in that all hosts are taxonomically distant to each other and thus they have distinct egg morphs. This should be of great merit for exploring the origin of cuckoo parasitism as well as how the cuckoo has expanded its host range in the past by egg morph analysis.
Furthermore, in our study site, the four host species show greater separation by habitat than in the Czech case. In Nagano, the oriental reed warbler breeds in riverside groves with patches of reed, the bull-headed shrike in bushy environments, the black-faced bunting prefers open forest and bushes along grove edges, and the azure-winged magpie breeds in a grove-like habitat such as apple orchid. The magpie is a new host that came to be heavily parasitized by the cuckoos after mid 1980s in Nagano (Yamagishi & Fujioka, 1986; Nakamura, 1990) . Although breeding habitats of the latter three species (i.e. bull-headed shrike, black-faced bunting, and azure-winged magpie) can overlap to some extent, separation of the four cuckoo gentes in our study site is likely to be higher than in the Czech site. The cuckoo might target the correct host by habitat or vegetation structure . With such a greater separation by habitat, each cuckoo gens can be considered to be more independent of each other than in the Czech habitat and thus result in a greater separation of cuckoo egg morphs. This should make our multiple-hosts system ideal for studying how the cuckoo has expanded its host range in the past and how the process is reflected by the egg morphs that we observe at present.
Although tendencies for host-specific mimicry in cuckoo eggs were observed in our study area, the results obtained in the present study suggest that recent ecological isolation among cuckoos and the different particular host species does not favour the development of highly-separated gentes. Further study is warranted for other multiple-host systems to better understand the adaptation by cuckoos to host eggs.
